Anthocyanins, which are responsible for a variety of bright colors (including red, blue, and purple) in fruits, vegetables, and flowers, are consumed as dietary polyphenols. Anthocyanin-containing fruits are thought to decrease coronary heart disease and are used in anti-diabetic preparations. Diabetes is associated with a variety of cardiovascular complications that may be mediated by endothelial dysfunction, and so this study was designed mainly to characterize the influence of a synthesized anthocyanidin derivative (HK-008) over acetylcholine (ACh)-induced relaxation in mesenteric arterial beds isolated from rats. In a glucose-tolerance test in intact rats, HK-008 (30 mg/kg) reduced the glucose level as effectively as the same dose of glibenclamide. The aortic relaxation induced by pinacidil (an ATP-sensitive potassium channel opener) was greatly inhibited by glibenclamide (10 µM), and also significantly inhibited by HK-008 (10 µM).
Introduction
Numerous epidemiological studies have indicated that the insulin resistance and hyperinsulinemia associated with type 2 diabetes make important contributions to the development of hypertension and cardiovascular disorders, and impaired endotheliumdependent vasodilation has been described in humans and in animal models of this disease (Pieper, 1998; Eckel et al., 2002; Kobayashi et al., 2004b Kobayashi et al., , 2005b Matsumoto et al., 2004d) .
Moreover, the early loss of insulin secretion appears to be a critical event in the deterioration in glucose tolerance that occurs during the development of type 2 diabetes.
Type 2 diabetes, which is becoming more prevalent, is caused by the inability of β-cells to secrete sufficient insulin to overcome the insulin-resistance that develops as a consequence of certain genetic and environmental factors (Henquin, 2000) . Insulin-resistance is a disorder in which insulin inadequately stimulates glucose transport in skeletal muscle and fat, and inadequately suppresses hepatic glucose production. The mechanisms that prevent the β-cell from secreting sufficient insulin to overcome peripheral insulin-resistance remain to be established. Use of oral hypoglycemic agents that directly stimulate insulin release from β-cells [e.g., sulfonylurea (SU)-based drugs], however, has shown that in type 2 diabetic patients, insulin secretion from the islets can be elevated sufficiently to overcome peripheral insulinresistance and the normalize the blood glucose level. One disadvantage of this use of SU-based drugs is that it fails to control normal blood glucose levels (Pfeiffer, 2003) . These drugs also adversely affect the ability of β-cells to secrete insulin, and they can cause weight gain (Pfeiffer, 2003) . Hence, a useful role could be performed by dietary constituents with the ability to regulate blood glucose levels or induce insulin production by pancreatic β-cells.
The consumption of a diet low in fat and rich in antioxidants reduces the risks of developing obesity and insulin-resistance (Blakely et al., 2003) . Anthocyanins, which are secondary plant metabolites responsible for the blue, purple, and red colors in many plant tissues, occur primarily as the glycosides of their respective anthocyanidin chromophores (Strack and Wray, 1993) . Like other flavonoids, anthocyanins and anthocyanidins (the aglycone form) possess antioxidant properties and are present in various foods and beverages (Wang et al., 1997) . Consumption of anthocyanins in associated with a reduced risk of several degenerative diseases, such as atherosclerosis, cardiovascular diseases, cancer, and diabetes (Jayaprakasam et al., 2004) . These compounds are well-known free-radical scavengers and are potential chemopreventive agents (Duthie et al., 2000) . For example, the serum antioxidant capacity is increased by the consumption of strawberries, cherries, and red wine (Van Velden et al., 2002; Kang et al., 2003) . Further, a recent study demonstrated that one anthocyanin, cyaniding 3-glusoside, reduced high fat diet-induced obesity in mice (Tsuda et al., 2003) . The natural colorants present in food tend to be attractive to consumers because of their safety and because of their nutritional and therapeutic value (Espin et al., 2000) . Because anthocyanins are so widely consumed, any additional biological activities of these compounds are of great interest.
In this study, we first compared the potency of a synthesized anthocyanidin-derivative (HK-008) with that of glibenclamide at antagonizing the vasodilation elicited by pinacidil, an ATPsensitive potassium (KATP)-channel opener, in the rat aorta. We then evaluated and analyzed the effects of HK-008 on the acetylcholine (ACh)-induced endothelium-dependent relaxation in the rat perfused mesenteric arterial bed.
Methods

General
The experimental design was approved by the Hoshi University Animal Care and Use
Committee, and all studies were conducted in accordance with "Guide for the Care and Use of Laboratory Animals" published by the US National Institute of Health, and "Guide for the Care (Fig. 1 ) was developed in our laboratories. All drugs were dissolved in saline, except glibenclamide, which was dissolved in dimethyl sulfoxide (DMSO). All concentrations are expressed as the final molar concentration of the base in the organ bath.
Intraperitoneal glucose tolerance test
Male Wistar rats (18-20 weeks old) were fasted overnight and then anesthetized with pentobarbital (65 mg/kg i.p.). After collection of an unchallenged sample (time 0), a solution of glucose (1.0 g/kg body weight) was administered into the peritoneal cavity. Blood samples were collected from the tail at 30 and 60 min for the determination of glucose. To investigate the effects of glibenclamide (30 mg/kg) and HK-008 (30 mg/kg) on the glucose level, these drugs were orally administered 30 min before the glucose injection.
Preparation of aortic strips
Male Wistar rats, 18-20 weeks old, were anesthetized with diethyl ether and euthanized by decapitation. A thoracic aorta strip was prepared using a method previously described by us (Kobayashi et al., 2000; Kanie et al., 2003; Kobayashi et al., 2004a; Matsumoto et al., 2004b Matsumoto et al., , 2005 . Briefly, a section of the aorta from between the aortic arch and the diaphragm was removed and placed in oxygenated, modified Krebs-Henseleit solution (KHS). This solution consisted of (in mM) 118.0 NaCl, 4.7 KCl, 25.0 NaHCO3, 1.8 CaCl2, 1.2 NaH2PO4, 1.2 MgSO4, and 11.0 dextrose. The aorta was cleaned of loosely adhering fat and connective tissue, then cut into helical strips 3 mm in width and 20 mm in length. Each strip was placed in a well-oxygenated (95% O2, 5% CO2) bath of 10 ml KHS at 37°C, with one end connected to a tissue holder and the other to a force-displacement transducer (Nihon Kohden, TB-611T). The tissue was equilibrated for 60 min under a resting tension of 1.0 g, which was found to be optimal for inducing maximal contractions in preliminary experiments. For the relaxation studies, the aortic strips, which were weighed at the end of each experiment, were precontracted with an equieffective concentration of NA (5 × 10 -8 to 3 × 10 -7 M). When the NA-induced contraction had reached a plateau level, pinacidil (10 -8 to 10 -4 M) was added in a cumulative manner. After the addition of sufficient aliquots of one of the above agents to produce the chosen concentration, a plateau response was allowed to develop before the addition of the next dose of the same agent. To investigate the effects of 10 -5 M glibenclamide and 10 -5 M HK-008 on the relaxation responses, the strip was incubated for 30 min in the appropriate medium before the cumulative addition of the drug. These agents did not influence the NA-induced precontraction in our preparations.
Preparation of the perfused mesenteric arterial bed
Male Wistar rats (18-20 weeks old) were anaesthetized with ether and given an intravenous injection of 1,000 units kg -1 of heparin. Then, the mesenteric arterial bed was rapidly dissected out and placed in KHS. The mesenteric artery and vein were tied off near the caecum, and the remaining intestine was separated from the arterial bed along the intestinal wall. The mesenteric arterial bed was then perfused using a method previously described by us (Kamata and Makino, 1997; Kamata, 1998, 2002; Makino et al., 2000; Matsumoto et al., 2004a, b) . Briefly, warm (37°C), oxygenated (95% O2, 5% CO2) KHS was pumped into the mesenteric arterial bed, using a peristaltic pump operating at a rate of 5 ml min -1 , through a cannula inserted into the superior mesenteric artery. Vascular responses were detected as changes in perfusion pressure; this was monitored continuously by way of a pressure transducer (Nihon Kohden, Model AP2001, Tokyo, Japan) and recorded on a pen recorder. For the relaxation study, after a 60-min equilibration period the perfusion circuit was transformed into a closed system by collecting the perfusate in a second bath and from thence recirculating it through the mesenteric arterial bed. The total volume of the closed system was 50 ml, and agents were administered via the bath. In some preliminary experiments, the mesenteric arterial bed preparation was constricted by perfusion with a solution containing 4 × 10 -6 to 3 × 10 -5 M methoxamine, which resulted in an increase in perfusion pressure of approximately 105- HK-008 and vasomotor activity 79 120 mmHg. It was then maximally relaxed with a perfusion solution containing 10 -6 M ACh, a response that confirmed the integrity of the endothelium in our preparation. In order to standardize the vasodilator responses obtained with ACh, such responses were expressed as a percentage of that induced by papaverine (10 -4 M) in one and the same preparation. In each preparation, once the methoxamine-induced contraction had reached a plateau, relaxation responses to a given agonist were elicited in a cumulative manner. To investigate the influence of HK-008 (10 -5 M), indomethacin (10 -5 M), and xanthine oxidase (XO; 0.1 U/ml)/ hypoxanthine (HX; 10 µM) on the ACh-induced relaxation, the mesenteric arterial bed was incubated in the appropriate solution for 30 min before the addition of methoxamine. These agents did not influence the methoxamine-induced precontraction in our preparations.
Statistical analysis
Data are expressed as the mean ± S.E.M. When appropriate, statistical differences were assessed by means of Dunnett's test for multiple comparisons after a one-way analysis of variance, a probability level of P<0.05 being regarded as significant. Statistical comparisons between concentration-response curves were made by means of a two-way ANOVA, with
Bonferroni's correction for multiple comparisons being performed post hoc (P<0.05 again being considered significant).
Results
Intraperitoneal glucose tolerance test
In an intraperitoneal glucose tolerance test in rats (Fig. 2) , administration of HK-008 at a dose of 30 mg/kg p.o. significantly lowered the plasma glucose level. The reference drug (glibenclamide; 30 mg/kg p.o.) had a significant hypoglycemic effect of similar magnitude.
Effects of HK-008 and glibenclamide on pinacidil-induced relaxation in aortic strips
To determine whether our synthesized compound really did act as a KATP channel inhibitor, we performed a series of experiments in which pinacidil (10 -8 to 10 -4 M, a KATP channel opener)
was added cumulatively to aortic strips precontracted by NA (5 × 10 -8 to 3 × 10 
Effects of HK-008 on endothelium-dependent and -independent relaxations in rat perfused mesenteric arterial bed
To investigate the influence of HK-008 on endothelium-dependent and -independent relaxations, we performed a series of experiments in which either ACh (10 -10 to 10 -5 M) or SNP (10 -9 to 10 -5 M) was added cumulatively to perfused mesenteric arterial beds preconstricted by methoxamine (4 × 10 -6 to 3 × 10 -5 M). As shown in Fig. 4 , HK-008 (10 -5 M) significantly enhanced the ACh-induced relaxation, but did not alter that induced by SNP (Fig. 4B) . The HK-008-induced augmentation of the ACh-induced relaxation was significantly inhibited by 10 -5 M indomethacin, an inhibitor of cyclooxygenase (COX) (Fig. 5) . M) in aortic strips from rats. In each experiment, glibenclamide (10 µM) or HK-008 (10 µM) was applied 30 min before noradrenaline application and was present thereafter. Details are given in Methods. Each data-point represents the mean ± S.E.M. from 4 (glibenclamide) or 5 (vehicle or HK-008); the S.E.M. is included only when it exceeds the dimension of the symbol used. *P<0.05, **P<0.01, ***P<0.001 vs. vehicle-treated group.
Effects of xanthine oxidase/hypoxanthine on ACh-induced relaxation in rat perfused mesenteric arterial bed
It has been reported (Cai and Harrison, 2000; Kobayashi et al., 2005; Matsumoto et al., 2004c Matsumoto et al., , 2006b Pieper, 1998 ) that oxidative stress causes endothelial dysfunction in several vascular beds. To determine whether our synthesized compound might influence the oxidative stress-induced modification of endothelium-dependent relaxation, we examined the effects of HK-008 on ACh-induced relaxation in the perfused mesenteric arterial bed with xanthine oxidase/hypoxanthine present to generate superoxide anions. This superoxide-generating treatment significantly decreased the ACh-induced relaxation (Fig. 6) . Interestingly, this impaired relaxation was greatly improved by HK-008 (10 -5 M) (Fig. 6) . M)-preconstricted mesenteric arterial beds from rats. In each experiment, HK-008 (10 µM) was applied 30 min before methoxamine application and was present thereafter.
Details are given in Methods. Each data-point represents the mean ± S.E.M. from 5 experiments; the S.E.M. is included only when it exceeds the dimension of the symbol used. ***P<0.001. 
Discussion
In this study, we investigated the effect of the anthocyanidin derivative HK-008 on AChinduced relaxation in the rat perfused mesenteric arterial bed. The major conclusions to be drawn from this study are first that the relaxation induced in this bed by ACh is markedly enhanced by HK-008 and second that the main mechanism underlying this enhancement seems to involve an elevated production of prostanoids and increased antioxidant activity.
Our first finding was to note a glucose-lowering effect of HK-008, as well as of the SU drug glibenclamide, in the intraperitoneal glucose tolerance test. Published reports indicate that consumption of fruits and vegetables, especially those rich in polyphenols, decreases the incidence of type 2 diabetes (Anderson and Polansky, 2002; Landrault et al., 2003; Anderson et al., 2004) . Moreover, it is known that dietary antioxidants protect pancreatic β-cells against glucose-induced oxidative stress. Anthocyanins are abundant in fruits, vegetables, and processed food products such as wine, cider, and tea. However, little is known of their ability to reduce or prevent diabetes. Our results suggest that the synthesized anthocyanidin derivative HK-008 is an insulin secretagogue. Indeed, Jayaprakasam et al. (2005) recently reported that anthocyanins and anthocyanidins induce insulin secretion by pancreatic β-cells, although the cellular mechanism remains unknown. Glibenclamide binds to SU receptors (SUR) on the β-cell plasma membrane, closes the KATP channel, and thereby enhances glucose-stimulated insulin secretion (Schmid-Antomarchi et al., 1987; Boyd, 1988) . SURs are also present on vascular smooth muscle, where they mediate action potential shortening during ischemia and the regulation of vascular tone (Nichols and Lederer, 1991; Quayle et al., 1997) . In the present study, pinacidil induced dose-dependent relaxation in rat aortic strips, and this relaxation was markedly inhibited by glibenclamide. HK-008 also caused a significant sift to the right in the dose-dependent relaxation curve for pinacidil (Fig. 3) . Thus, these results suggest that the glucose-lowering effect of HK-008 may be attributable to an inhibition of KATP channel activity.
Endothelial cells regulate vascular tone by releasing potent vasoconstrictors (such as endothelin-1 and TXA2) and vasodilators (such as prostacyclin, nitric oxide, and endotheliumderived hyperpolarizing factor) (Yanagisawa et al., 1988; Triggle et al., 2003; Tanaka et al., 2004; Kobayashi et al., 2005a; Matsumoto et al., 2006a) . Alterations in the production and effects of these endothelial-cell products are at least partly responsible for the abnormal modulation of vascular tone that occurs in certain disease states (Kamata et al., 1989; Cohen, 1995; De Vriese et al., 2000; Matsumoto et al., 2003a Sekiguchi et al., 2004) . Interestingly, we found here that ACh-induced relaxation was enhanced by HK-008 treatment in the rat mesenteric arterial bed, and that this augmentation was significantly reversed by indomethacin treatment.
Moreover, HK-008 proved able to prevent the impairment of the ACh-induced relaxation caused by exposure to oxidative stress (treatment with XO/HX). These results suggest that the compound HK-008 increases endothelium-induced relaxation via a suppressive effect on oxidative stress or by modifying prostanoids signaling. This is consistent with the previous findings that antioxidants (e.g., vitamin E) and polyphenols increase the production of vasodilator prostanoids and thereby protect endothelial cells (Schramm et al., 2001; Stoclet et al., 2004; Wu et al., 2004 Wu et al., , 2005 .
Although HK-008 possess the activity of KATP channel inhibition, it should be noted that there is limited evidence that functional KATP channels in vascular smooth muscle cells regulate the vascular tone (Yokoshiki et al., 1998) . The membrane potential of vascular smooth muscle cells lies positive to the equilibrium potential of K + , such that opening of KATP channels will hyperpolarize the cell membrane and elicit relaxation. In contrast, closing the channel with a blocker, like glibenclamide, should increase vascular tone. A report in the rabbit vertebral artery showed that glibenclamide depolarized the vascular smooth muscle cell membrane and potentiated the histamine-induced contractions (Nagao et al., 1996) . Similarly, in another study in dogs, glibenclamide decreased the coronary blood flow (Narishige et al., 1993) . Moreover, Pfister et al. (2004) demonstrated that KATP channels are not involved in the regulation of vascular tone in the bovine coronary artery or the rabbit aorta, because glibenclamide has no effect on resting tone. In the present study, HK-008 also had not effect on resting tone (data not shown). Thus, we suggest that the altered ACh-induced relaxation by HK-008 may be attributed to the inhibition of KATP channel activity. On the other hand, several reports suggested that the increased oxidative stress leads to the alteration of prostanoids signaling. Inactivation of prostacyclin synthase (PGIS) due to nitration results in accumulation of TXA2/PGH2 (Schmidt et al., 2003) . Endothelial cells exposed to high glucose or to inflammatory mediators generate reactive oxygen species (ROS) or ONOO -that inactivate PGIS, result in accumulation of TXA2/ PGH2 (Zou et al., 2002; Cosentino et al., 2003) , and lead to agonist-induced vasoconstriction . Alternatively, ROS or lipid hydroperoxides could lead to activation of one or the other isoform of COX which would also result in increased levels of the vasoconstrictive intermediates (Davidge, 2001) . Taken together, we speculate that the increased ACh-induced endothelium-dependent relaxation was mediated by the antioxidant activity and/or modulating prostanoids signaling rather than the inhibition of KATP channel activity. Thus, the HK-008 compound has independent activities such as the inhibition of KATP channel activity and the enhanced effect of endothelium-dependent relaxation.
There is no question that the SUs are very effective and important agents for the reduction of glucose levels in patients with type 2 diabetes. Indeed, they have been the mainstay of oral therapy for decades, and despite the prevalent use of terms such as "SU-failure", SUs have been effective at lowering fasting plasma glucose for many years. Actually, the steadily increasing fasting plasma glucose level seen over time in SU-treated patients does not reflect "failure" of the agent, rather it reflects progression of disease, and it is seen with other therapeutic interventions too (Turner et al., 1999) . Despite its efficacy, there are several drawbacks or limitations to SU therapy. Because the insulinotropic actions of SUs are only slowly reversed, hypoglycemia is a frequent side effect of particular concern in elderly patients. Second, SUs stimulate insulin secretion and raise insulin levels throughout the day; in other words, they do not specifically reduce mealtime glucose excursions. Chronic stimulation of insulin secretion, especially with an agent that restrains nutrient-stimulated proinsulin biosynthesis, can lead to β-cell degranulation and may accelerate β-cell failure. In addition, chronic hyperinsulinemia itself may have detrimental effects, including an exacerbation of insulin resistance, a propensity to cause weight gain, and possibly an acceleration or worsening of atherosclerosis -already major problems in patients with type 2 diabetes. Finally, Meinert et al. (1970) reported many years ago that SUs may actually increase risk of cardiovascular mortality. Thus, there are many reasons to look beyond SUs for agents to stimulate insulin release in a more physiologic manner, and a role may be found for dietary constituents that can regulate blood glucose levels and/or induce insulin production by pancreatic β-cells.
In conclusion, our results suggest that HK-008 possesses anti-diabetic and antioxidant activities, and is potent at increasing endothelium-dependent relaxation. Since type 2 diabetes entails morphological and functional changes in the micro-and macrocirculation (De Vriese et al., 2000; Kobayashi et al., 2004a Kobayashi et al., , 2005 Triggle et al., 2003) , this compound may be useful for the treatment of type 2 diabetes and the associated vascular complications. However, in vivo studies and clinical evaluation of this compound need be carried out to validate and extend our in vitro results. Since anthocyanidins and anthocyanins are not toxic to humans, evaluation of their clinical efficacy for potential application to the prevention and treatment of type 2 diabetes is a matter of some importance.
